Abstract: New DNA sequencing platforms have revolutionized human genome sequencing. The dramatic advances in genome sequencing technologies predict that the $1,000 genome will become a reality within the next few years. Applied to cancer, the availability of cancer genome sequences permits real-time decision-making with the potential to affect diagnosis, prognosis, and treatment, and has opened the door towards personalized medicine. A promising strategy is the identification of mutated tumor antigens, and the design of personalized cancer vaccines. Supporting this notion are preliminary analyses of
Introduction
In 2001, two research groups reported the completion of the first draft assemblies of the human genome sequence [1, 2] . Ten years after this milestone achievement, massively parallel DNA sequencing (so-called "next-generation") technologies have transformed genome sequencing, significantly, decreasing both the cost and time required to sequence human genomes, and by extension cancer genomes. However, the overall impact of cancer genome sequencing on human health has not been fully realized. In this review, we discuss the evolution of cancer genome sequencing and its potential application towards the development of personalized cancer vaccines.
Evolution of DNA Sequencing Technologies
DNA sequencing technology has made great advances over the past 30 years since the development of the chain-terminating "Sanger method" [3, 4] . The first draft of the human genome [1, 2] was produced largely by Sanger-based capillary electrophoresis technology. Sequencing the entire genomes of organisms using the Sanger method has proven to be difficult and time consuming. Through significant refinements and automation, the current Sanger method-based instruments are able to deliver read lengths up to 1,000 bases and allow 384 samples to be sequenced in parallel within a few hours. Therefore, even using the most advanced Sanger sequencers, it would take years and millions of dollars to sequence a human genome.
However, the field has changed rapidly since the commercial introduction of several "massively parallel" or next-generation platforms, starting in 2004. The technical details of the next-generation DNA sequencing technologies are beyond the scope of this review but have been described elsewhere [3] [4] [5] [6] . In general, next-generation sequencing platforms produce shorter sequencing reads with slightly lower per base accuracy than data from Sanger-based DNA sequencing, and as such require increased coverage depths. These shorter read depths also complicate read-based assembly as a means of genome sequencing for more complex genomes (such as human). As such, all human genome sequencing with next-generation methods relies on alignment of the sequencing reads to the human reference sequence as a precursor to identifying mutations or other genomic alterations. Thanks to the ever-growing computing power and advances in instrument design, recent years have seen major increases in speed (Table 1 ) and reduction in cost ( Figure 1 ) for next-generation methods, although the cost of analysis of next-generation sequencing data has not decreased as dramatically.
The future of DNA sequencing looks even more promising as new technologies continue to emerge (Table 1) . For example, Complete Genomics has developed a "DNA nanoball" sequencing technology that uses fluorescent probe ligation chemistry similar to the SOLiD platforms. However, instead of an emulsion PCR step, the method uses rolling circle replication to amplify small DNA fragments into "DNA nanoballs" [7, 8] . In a pH-based sensing system similar to the Roche/454 pyrosequencing technology, Ion Torrent's Personal Genome Machine is a simple, scalable and fast machine that "reads" DNA without requiring optical detection [9] . The Helicos' system generates sequence information by capturing images of fluorescent step-wise DNA synthesis reactions from individual molecules, without prior DNA amplification [10] . This approach avoids sequencing errors attributable to PCR artifacts, but has an inherently higher error rate than amplified DNA technologies, due to noise-related artifacts that are unique to single-molecule sequencing. In 2010, Pacific Biosciences introduced its "third generation" sequencing product, the PacBio RS which also is a single molecule sequencing platform. The RS uses nanofabricated structures called "zero mode waveguides" or ZMWs to focus the instrument optics on individual DNA polymerases as they copy single molecules of DNA by incorporating fluorescent nucleotides. These real-time movies of DNA polymerization can result in read lengths in excess of 1,500 base pairs, although the error rate also is higher as a result of single-molecule detection sources of noise [11] . Both the Ion Torrent and Pacific Biosciences instruments have lower yields of sequencing data per run than other massively parallel sequencing instruments at this time, and are not suited for whole human genome sequencing. These new technologies may further reduce time and/or the cost of genome sequencing. 
What is a Unique Tumor Antigen?
Tumor antigens are often classified as "unique" or "shared" tumor antigens, according to their distribution in normal or in neoplastic tissues ( Table 2 ). Shared tumor antigens are expressed in multiple cancers, and are often self-differentiation antigens that are expressed in a limited subset of normal tissues, but overexpressed in cancers. Examples of shared tumor antigens include MAGE (melanoma) [29] , prostatic acid phosphatase (prostate cancer) [30] , and HER2/neu (breast cancer) [31] . They also include mutated oncogenes or tumor suppressor genes, or chromosomal translocations encoding novel fusion proteins such as K-Ras, p53, and BCR-ABL, respectively. Unique tumor antigens are only expressed in a single cancer, and are typically the result of point mutations or other genetic changes present only in the tumor [32, 33] . As such, unique tumor antigens represent the only true tumor-specific antigens that are not expressed in any normal tissues. In mice, unique tumor antigens were described many years ago in models of chemical or UV-induced fibrosarcomas. These tumors were rejected through T cell-mediated immunity upon transplantation in syngeneic hosts. The immune response was found to be unique to each tumor which led to the concept that such tumors express unique tumor-specific transplantation antigens [32, 33] . In 1995, the first unique tumor antigens in humans were identified in melanoma [34, 35] . Since that time additional publications have described the expression of unique tumor antigens in melanoma [36] , non-small cell lung cancer [37] and other human cancers [33, 38] . Not surprisingly, unique antigens are typically encoded by genes that regulate cellular processes such as cell cycle, metabolic pathways, and others that are hallmarks of tumor development and survival [17] .
To date, no unique tumor antigens have been identified in breast cancer. Current experimental techniques are biased towards the identification of shared tumor antigens such as HER2/neu [39, 40] , MUC1 [41] , and mammaglobin-A [42] [43] [44] , and no experimental techniques are capable of rapidly or systematically identifying unique tumor antigens. Next-generation DNA sequencing technologies provide an unprecedented opportunity to identify unique tumor antigens. Key questions to be addressed in this evolving paradigm are: (1) Are unique tumor antigens identified by genome sequencing processed and presented by the immune system? (2) Can CD8 + T cells recognize these unique tumor antigens? (3) Is there evidence of a pre-existing immune response to unique tumor antigens in breast cancer patients?
Targeting Unique Tumor Antigens: Conceptual Advantages
Once shared tumor antigens were discovered, there was a race to translate the use of these antigens into the clinic, and the majority of cancer vaccine trials performed to date have targeted shared tumor antigens. Unfortunately, the results of these studies have been disappointing [45, 46] , despite the ability of some vaccines to generate a high frequency of self/tumor antigen-specific T cells [47] . It is now known that the T cell repertoire is edited during development to minimize autoimmunity, and that T cells specific to shared tumor antigens can display low affinity for antigen. This may partially explain the low success rate of cancer vaccines to date, as low affinity T cells are weak effectors, and also are known to promote the expansion of regulatory T cells [48] . Thus, identification of unique tumor antigens not edited by the immune system may elicit more effective T cell responses with increased effector functions.
Cancer vaccine strategies targeting unique tumor antigens have substantial advantages over strategies targeting shared tumor antigens [32, 33] (Table 2) . (1) Targeting unique tumor antigens is safer. Unique tumor antigens are expressed only in the tumor, decreasing the risk of autoimmunity; (2) Targeting unique tumor antigens is more effective, because T cell responses to unique tumor antigens are high in affinity, and are not limited by mechanisms of self-tolerance; (3) Targeting unique tumor antigens may limit antigen-loss, a common tumor escape mechanism. One of the hallmarks of cancer is genome instability, which may cause the loss of antigen expression on the tumor and thereby recognition by immune cells. As such, one clear weakness of cancer vaccines that target a single shared tumor antigen is antigen-loss. An unbiased strategy, in which all unique tumor antigens are targeted by a vaccine may circumvent antigen-loss and preclude immune escape. In addition, many unique tumor antigens play a functional role in neoplastic transformation (so-called driver mutations). Immune selection resulting in loss of driver mutations may fundamentally alter the phenotype of targeted cancers; (4) Finally, targeting unique tumor antigens is universally applicable. For example, all histologic types of cancer appear to have remarkable numbers of candidate unique tumor antigens, suggesting that a personalized vaccine approach could be applied to treat all types of cancer, regardless of intrinsic subtype.
Targeting Unique Tumor Antigens: Experimental Data
Experiments with mouse antigens have revealed two mechanisms whereby genetic mutations can generate antigenic peptides [29] [30] [31] 34] . In one scenario, the mutation transforms a non-MHC binding peptide into one that has a high binding affinity for a particular MHC class I allele. Alternatively, the mutation can alter peptide residues that interact with the T cell receptor (TCR) on T cells. These mutated peptides can activate T cells with a TCR repertoire distinct from those that recognize the self/non-mutated peptide.
Results from various clinical studies have indicated patients undergoing immune therapy can develop responses to unique tumor antigens. For example, T cells specific for unique antigens have been identified in clinically responding melanoma patients treated with adoptively transferred T cells [33] . Similarly, patients with metastatic renal cell carcinoma developed specific T cells to mutated peptides encoded by the von Hippel-Lindau (VHL) gene after peptide vaccination [49] . Somatic mutations in VHL have been observed in over 60% of patients with sporadic renal cell carcinoma.
The most compelling evidence to date of the immunogenicity of unique tumor antigens comes from human clinical trials in patients with follicular lymphoma. In this disease, the hypervariable region of the clonotypic antibody represents a unique tumor antigen. Because of its consistent location, this unique tumor antigen can be readily identified with standard molecular biology techniques, and a personalized idiotype vaccine showed considerable promise in phase I/II clinical trials [50] . A randomized phase III clinical trial of a personalized idiotype vaccine has recently been completed. Patients with advanced stage follicular lymphoma that had been previously untreated were treated with standard chemotherapy. Patients with a complete response were randomly assigned to receive an idiotype vaccine conjugated to KLH, or a control vaccine without idiotype. Preliminary results demonstrated a significant prolongation in the median time to relapse (44.2 vs. 30.6 months; P = 0.045, hazard ratio = 1.6) [51] , illustrating the potential of immune responses to unique tumor antigens.
The Epitope Landscape of Unique Tumor Antigens
Investigators have tried to develop high throughput strategies for the identification of unique tumor antigens [52] . Unfortunately, these strategies (differential gene expression analysis of tumor and corresponding normal tissue, in combination with acid elution of HLA molecules and mass spectrometry) are too impractical for routine use and require significant amounts of tumor tissue. Until the advent of cancer genome sequencing, there were no practical experimental techniques for the rapid and/or systematic identification of unique tumor antigens, and as such, an experimental bias may be responsible for the underrepresentation of unique tumor antigens in the scientific literature [53] .
As the generation of mutations in tumor cells is continuous due to imperfect DNA replication and repair, one would predict the presence of multiple unique tumor antigens in tumor cells during tumor progression. Supporting this prediction is a recent in silico-based prediction analysis of the epitope landscape in breast and colorectal cancer [54] . A set of somatic mutations termed the consensus coding sequences that represent highly curated genes identified in breast and colorectal cancers [55] were analyzed for the presence of T cell epitopes to HLA-A2 using epitope prediction algorithms such as BIMAS [56] . Based on this analysis, it was predicted that individual breast and colorectal cancers accumulate an average of 10 and seven unique HLA-A*0201 epitopes, respectively. As individual cells potentially express six distinct HLA class I alleles, the total number of new epitopes was estimated to range from ~60 to ~42 in each breast and colorectal cancer, respectively. It should be noted that these are theoretical numbers; for example, it was not assessed in this study whether these epitopes are actually expressed by tumors, and whether the mutated proteins are processed and presented to immune cells.
Since then, several tumor genome sequencing studies have been completed that permit the search for unique tumor antigens in actual tumors. The first such study focused on the sequencing and comparative analysis of a tumor and normal genome from patients with AML for the unbiased discovery of tumor-specific somatic mutations that alter the protein-coding genes [14, 57, 58] . More recently, massively parallel DNA sequencing was used to sequence and compare four DNA samples (primary tumor, brain metastasis, xenograft of the primary tumor, and peripheral blood) from a patient with basal-like breast cancer [13] . Massively parallel sequencing technologies are particularly well suited to cancer genome sequencing. Breast cancer is a heterogenous disease, but genome sequencing at an almost 40× haploid coverage provides the opportunity to precisely calculate mutant allele frequencies, demonstrating genome remodeling, and unexpected similarities between the brain metastasis and xenograft [13] . We performed "epitope landscape" analyses based on the genomic analyses of primary tumor and peripheral blood DNA samples from a patient with basal-like breast cancer (Table 3) . Following validation, we identified 37 candidate unique tumor antigens associated with an alteration in the amino acid sequence (nonsynonymous mutations). Amino acid sequences reflecting the mutation plus 10 flanking residues on each side were screened for binding to HLA-A2 (the breast cancer patient sequenced in these studies is HLA-A2 + ) using two prediction algorithms [52, 56] . These algorithms have proven to be reliable predictors of HLA class I binding, particularly for frequently expressed alleles such as HLA-A2. Three candidate unique tumor antigens are predicted to be strong binders (predicted affinity <50 nM), while 12 are predicted to be weak binders (predicted affinity 50-500 nM). Thus, 40% of the candidate unique tumor antigens have the potential to bind HLA-A2. Of note, the HLA type of the patient under investigation is A*02, 33; B*15(71), 35; C*03, 07. We performed similar analyses to predict if candidate unique tumor antigens are capable of binding to HLA alleles other than HLA-A2. Taken together, 17 strong binders and 45 weak binders were identified for the six HLA class I alleles (data not shown). Overall, 32/37 of the candidate unique tumor antigens (86%) were predicted to bind at least one HLA allele. 2 The indicated peptide sequences (21-mers) were screened for candidate epitopes of 8-11 amino acids in length. The minimal epitope with the highest predicted affinity is underlined. Amino acids that differ from the wildtype sequence are indicated in red; 3 Predicted affinity (nM) based on the NetMHC 3.2 prediction algorithm [59] . The NetMHC 3.2 server predicts binding of peptides to a number of different HLA alleles using artificial neural networks (ANNs) and weight matrices [60] [61] [62] . Affinity scores of <50 nM indicate strong binding, whereas scores between 50 and 500 nM indicate weak binding. Similar data were obtained using a second prediction algorithm [63] ; 4 Commonly used immunodominant peptides derived from cytomegalovirus (CMV pp65) [64] and melanoma (gp100 280 ) [65] are highlighted in yellow; 5 Please note that one limitation of next-generation sequencing technologies is that it can be very difficult to identify and validate small structural variants such as insertions or deletions. Robust computer algorithms have been established for the identification of these structural variants or indels [66] . Because indels are frequently frame shift mutations, they significantly alter the amino acid sequence, and may be more likely to be recognized by the immune system; 6 • indicates stop codon.
Implications for Cancer Vaccines
Although cancer vaccines have been disappointing in the past [67] , preliminary data from three large randomized phase III clinical trials have now demonstrated a statistically significant clinical benefit in lymphoma [68] , prostate cancer [69] , and melanoma [70] , suggesting that cancer vaccines will have a clinical impact in these diseases in the near future. The results of tumor genome sequencing studies prompt the following questions related to the design of cancer vaccines: (1) What is the best strategy to target unique tumor antigens, a personalized vaccine approach, or an off-the-shelf vaccine approach targeting recurrent mutations? (2) Is it best to target candidate epitopes, or to design an unbiased strategy? (3) What is the best vaccine platform for targeting unique tumor antigens?
Personalized or Off-The-Shelf Vaccine?
The remarkable number of candidate unique tumor antigens that are predicted to bind patients' HLA class I alleles underscores the potential of an unbiased personalized vaccine approach. Given the diversity of mutations observed, the limited number of recurrent mutations present in patients' tumors, and the fact that off-the-shelf vaccines would be restricted by HLA type, we believe that relatively few cancer patients would be eligible for an off-the-shelf vaccine targeting the most common mutation(s). Even if multiple off-the-shelf vaccines were available, only a limited number of patients would be eligible. However, given the remarkable number of mutations consistently observed in cancer, it is likely that at least a subset of these mutations could be successfully targeted by a personalized vaccine approach.
Candidate Epitope or Unbiased Approach?
There are two conceptual strategies for creating a personalized cancer vaccine targeting unique tumor antigens: a candidate epitope approach, and an unbiased approach. The candidate epitope approach would use computer algorithms [52, 56] to predict immunodominant epitopes, which could then be integrated into a personalized vaccine. Specifically targeting candidate epitopes has several advantages including ease of vaccine design and manufacture, streamlined immune monitoring, and prevention of immunodominance, a poorly understood process whereby cellular immunity is focused on one, or only a limited number of antigenic determinants, even during immune responses to complex antigens [71] . However, there are also disadvantages to a candidate epitope approach. Epitope prediction algorithms have significant limitations, particularly for less common HLA alleles, and validation of results would be costly and labor-intensive. Ultimately, it is not clear that computer algorithms or in vitro validation studies would be able to meaningfully predict the immunodominant antigens reliably. On balance, therefore, we believe that the unbiased approach is superior. In the unbiased approach, no attempt is made to identify the immunodominant epitopes, and all unique tumor antigens are integrated into a personalized vaccine. This approach is particularly attractive, as it has been predicted that not all unique tumor antigens are processed and presented by the immune system [54, 72] . An unbiased approach, therefore, allows the immune system the opportunity to process and present the entire constellation of unique tumor antigens, maximizing the potential to successfully target the immunodominant epitope(s). An unbiased approach is also very feasible as DNA vaccines targeting multiple epitopes (polyepitope DNA vaccines) have been extensively evaluated in the infectious disease and cancer vaccine fields [73] [74] [75] [76] , taking advantage of the inherent flexibility of the DNA vaccine platform.
Design of a Polyepitope DNA Vaccine
The observation that direct administration of recombinant DNA can generate potent immune responses established the field of DNA vaccines in the early 1990s [77] [78] [79] [80] [81] [82] . Since that time, DNA vaccines have remained an area of intense research interest, and vaccines targeting infectious disease and cancer have progressed into clinical trials. Advantages of the DNA vaccine platform include the remarkable safety profile of DNA vaccines, and the relative ease of manufacture relative to proteins and other biologics. Perhaps most important, however, is the molecular flexibility of the DNA vaccine platform, with the ability to genetically manipulate encoded antigens, and/or incorporate other genes to modulate immune response [83, 84] . For instance DNA vaccines have been engineered to improve antigen expression [85] [86] [87] [88] [89] [90] [91] [92] [93] , target dendritic cells [94, 95] , and/or coexpress molecular adjuvants capable of enhancing immune responses such as costimulatory molecules [96] , cytokines [97] [98] [99] [100] , or chemokines [101] . For these reasons, we believe that the DNA vaccine platform is ideally suited to the clinical translation of a personalized cancer vaccine strategy.
We propose an unbiased approach, integrating all of the candidate unique tumor antigens into a polyepitope DNA vaccine (Figure 3) . Alternatively, analyzing tumor cells for expression of mutated antigens, e.g., by mRNA analysis could be implemented to select only for those mutations that are likely to be translated. This could be useful in case the number of mutations is considerably larger than the ~60 to 42 expected mutations in breast and colon cancer, respectively. Several in vitro and in vivo studies in mice and humans have validated such a polyepitope approach, demonstrating that vaccination with peptide, viral or DNA polyepitope constructs can successfully elicit CD8 + T cell responses [75, [102] [103] [104] [105] [106] . Polyepitope vaccines using plasmid DNA or viral vectors have included greater than 30 contiguous immunodominant epitopes. Quite remarkably, most epitopes appear to be successfully processed and presented from the polyepitope constructs as determined by activation of antigen-specific CD8 + T cells. While these earlier polyepitope vaccines employed minimal peptide epitopes, i.e., 9-10 amino acid in length, an argument can be made for extension of each epitope to potentially include epitopes for several different HLA alleles, and potentially also include CD4 helper epitopes. Further optimizations, which may include (1) epitope length, (2) flanking sequences and proteolytic cleavage, and (3) fusion to ubiquitin and degradation, have the potential to greatly increase the immunogenicity of polyepitope DNA vaccines. One potential drawback of cancer vaccine is the instability of HLA expression in the tumors. However, the conventional notion that cancers downregulate and/or lose classical HLA class I expression may not be accurate in all cancers [107] . Experimental results and clinical data have demonstrated that the expression of HLA antigens can be retained in some tumors. Furthermore, some dysplastic and malignant cells can even acquire or upregulate HLA class I expression. Cancer cells are under continuous selective pressure from host's immune system (immunoediting) [26] . Therefore, the status of HLA expression on cancer cells is the results of a complex interplay between the tumor cells, the immune system, and the tumor microenvironment [107] . Nevertheless, the changes in HLA expression in cancer can profoundly affect the efficacy of any cancer immunotherapy.
Clinical Translation of Genome Sequencing Data into Personalized Cancer Vaccines
The development of cancer vaccines is an area of intense investigation and considerable yet unfulfilled promise. The current paradigm is the development of cancer vaccines targeting shared 
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